Reconstructing Historical Changes in Combustion Patterns by Means of Black Carbon and PAH Evaluation in Dated Sediments from Guanabara Bay, Rio de Janeiro

Introduction
Particles derived from incomplete combustion processes are abundantly present in urban environments 1 and are often responsible for the occurrence of cardiovascular and respiratory diseases in urban population. 2 Environmental measurements of Black Carbon (BC) are of high importance because it is an exclusively terrestrial contaminant derived from combustion processes. The presence of this combustion residue associated with high molecular weight polycyclic aromatic hydrocarbons (5-6 rings PAH) in sediments of urbanized estuaries derives in great part from the atmospheric deposition of products emitted by mobile sources such as motor vehicles, boats and ships. [3] [4] [5] Emissions from industrial sources and from biomass combustion also play a role in Vol. 24, No. 11, 2013 contributing to the pool of recalcitrant organic carbon in sediments. 6, 7 Recent studies [8] [9] [10] identify BC as an important sorbent phase for organic hydrophobic contaminants (PAH, dioxins and polychlorinated biphenyls, for instance), principally if the compounds originate from similar sources.
11 Koelmans et al. 2 propose that when BC is present in sediments the bioavailability of these contaminants may decrease as much as by two orders of magnitude. The relevance of BC as a sorbent phase was studied by Cornelissen and Gustafsson 12 who suggested that BC may represent 1 to 15% of the total organic carbon (TOC) in sediments of coastal environments.
Coastal environments such as bays, estuaries and lagoons are efficient sinks for natural and anthropogenic material derived from land. 13 The Guanabara Bay in Rio de Janeiro, Brazil, is a highly impacted urban estuary. The system is severely contaminated by inputs from untreated domestic and industrial effluents and may serve as the final destination for atmospheric contaminants derived from the dense vehicular traffic in the several municipalities circumscribing the bay, and from other activities.
A single report on the presence of BC in surface sediments of the Guanabara Bay is provided by Ribeiro et al. 10 which found concentrations varying between 0.03 and 0.31%.
The aim of the present work was to investigate for the first time the historical development of combustion processes in the hydrographic basin of the Guanabara as recorded in a sediment core using BC associated with high molecular weight (HMW) PAH (benzo(b)fluoranthene, benzo(k,j)fluoranthene, benzo(a)pyrene, benzo(e)pyrene, Indeno(1,2,3-cd)pyrene, dibenz(a,h)anthracene and benzo(g,h,i)perylene) as markers of incomplete combustion to observe the transition (qualitatively and quantitatively) from a predominantly agricultural region in the past and which currently consists of a metropolis with high density of industries and highways. The focus on HMW PAH is justified due to the predominance of these compounds in combustion residues in relation to lower molecular weight PAH and to their persistence in minor degradation rates in sediments. 14 
Study Area
The Guanabara Bay (22°40'-23°00' S and 43°00'-43°20' W) in Rio de Janeiro, Brazil, has a surface area of 384 km 2 and an average water depth of about 6 m. The 4000 km 2 hydrographic basin is densely populated housing about 10×10 6 inhabitants. Uncontrolled urban expansion and development in the Guanabara basin are the root causes of a severe state of deterioration. The major potential pollution sources include intense vehicular traffic, urban drainage, release of untreated domestic sewage and industrial residues, littering and navigation. The bay is circumscribed by major highways (one of them, the Brazil Avenue has an estimated flow of 250,000 vehicles day -1 accounting for 25-30% of the total atmospheric emissions in the metropolitan area of the Rio de Janeiro municipality; [14] [15] [16] and crisscrossed by a 14 km long bridge with an estimated traffic of 150,000 vehicles day -1 . The second major Brazilian industrial park in the northwestern region of the bay comprises more than 6,000 industries. [17] [18] [19] The bay gives support to the exploration, transportation and transformation activities of the expanding petroleum industry
Experimental
Sampling
A sediment core was sampled using a piston corer and a 6 m long aluminum tubing with 7.5 cm i.d.. The sampling station (A) in the northwest area of Guanabara Bay ( Figure 1 ) was selected for the study because it is located in the most contaminated area in the bay. 20 Prior to sampling, side-scan sonar was used to verify the possible presence of pipes or the prior occurrence of dredging so as to avoid sampling in areas where sediments had been disturbed. The sampled core was sectioned in 2 cm layers and in the present work only the upper 72 cm was inspected. The segments were separated into two groups of sub-samples, one used For TOC and TN determination, about 10 mg of sample were weighed into silver capsules (Alpha). Carbonates were eliminated by treating samples with 6 mol L -1 HCl. The quantification was performed in a Carlo Erba EA1110 elemental analyzer and was based on calibration curves (r > 0.999) using acetanilide as a standard. Quality assurance included the use of reference material sediment NIST 1944 (New York/New Jersey Waterway Sediment) for which the average TOC concentration found (n = 4) of 4.63% ± 0.07% d.w. was within the expected range (4.4 ± 0.3% d.w.). The limit of quantification was of 0.09% d.w. for carbon and of 0.03% for nitrogen.
The methodology for BC quantification -CTO-375 -was initially proposed by Gustafsson et al. 8 Freeze dried samples were ground and < 63 µm sieved before carbonate elimination with 6 mol L -1 HCl and thermal oxidation under air flow. The temperature program used for oxidation was as follows: 10 °C min -1 to 300 °C, 1 °C min -1 up to 375 °C, hold at 375 °C ± 5 °C for 24 hours and after this, decrease (1 °C min -1 to 300 °C and 10 °C min -1 ) to room temperature, in this case, about 30 °C. After the oxidation process only the more refractory carbon fraction remains.
BC determination was carried out in an elemental analyzer using the same procedures as described for TOC. The accuracy of the methodology was checked using the reference material NIST 1941b (Organics in Marine Sediment), [21] [22] [23] which has been widely used for this purpose. For each batch of samples (10 samples in triplicate), the analytical control was performed by the simultaneous analysis of reference material (3-4 aliquots). The result for BC found for the reference material in this study was 0.59% ± 0.15 d.w. for n = 19, which, according to Student›s test is statistically similar, at the confidence level of 95%, to that found in collaborative analytical studies (0.53 ± 0.14% d.w., n = 5).
Characterization of BC by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX)
The analysis of scanning electron microscopy was performed in nine samples chosen to represent older, intermediate and recent periods of the observed time span. Although the main goal of this analysis was to visually identify BC forms, samples were inspected without any pre-treatment so as to observe possible aggregation between amorphous organic matter and BC and to evaluate the general composition of the sediment. The scanning electron microscopy was performed in a Zeiss 50 VP microscope coupled to an energy dispersive x-ray spectrometer (EDX). A 6 nm platinum coating was applied. The images and EDX analysis were obtained with a backscatter detector, with accelerating voltage of 12 kV and a working distance of 10 mm.
Characterization of BC by 13 C NMR CP/MAS and 13 
C NMR CP/MAS-NQS
Approximately 2.0 g of each of the eight analyzed samples were weighed directly into 50 mL Teflon centrifuge tubes, to which 30 mL of 1 mol L -1 HCl were added. The samples were shaken for 1 h at room temperature (approximately 30 °C) to remove carbonates and sesquioxides. 24 Then the supernatants were discarded and the remaining mineral fractions were treated with a 1 mol L -1 HCl + 10% HF solution, and were agitated for 12 h at room temperature to remove the paramagnetics. The supernatants were removed after centrifugation (15 min at 3500 rpm) and the treatment was repeated once more.
At the end of treatment, the samples were freeze dried for subsequent chemical oxidation treatment of the lignin fraction and other organic compounds present in the sample which could interfere with the analysis leading to overestimating BC, as suggested by De La Rosa 25 and Simpson and Hatcher. 26 In this step, the freezer dried samples, previously demineralized, were chemically oxidized with a solution of sodium hypochlorite and acetic acid (109 mL of 2% NaOCl, 200 mL of H 2 O and 5 mL of CH 3 COOH). 26 The samples were agitated for two hours, and then centrifuged at 5000 rpm for 25 min. The process was repeated twice and the residue was then freeze dried.
The NMR analysis was performed in an Infinity Plus spectrometer equipped with probe-400 CP/MAS suitable for analysis of solid samples. The first employed technique was of cross polarization with magic angle spinning (CP/MAS) which, although not a quantitative technique, can be used for comparative analysis when the analyzed materials are similar. The second pulse sequence used was the non-quaternary suppression (NQS), that shows only quaternary and methyl carbons in the sample. Both analyses were made under almost the same experimental conditions, except for the non-quaternary suppression that uses the decoupled time of 50 µs. The other experimental conditions valid for both 13 C NMR analysis were: frequency of 100.26 MHz, spectral width of 50 kHz, acquisition time of 20.48 ms, pulse of 90° (2.75 µs), pulse delay of 1.0 s, contact time of 1000 µs, 50000 transients, rotor of 4.0 mm, spinning speed of 10000 Hz; the peaks were referred to HMB (hexamethylbenzene -methyl peaks at 17.3 ppm) and processed with an line broadening (lb) of 300 Hz.
PAH determinations
The methodology used for PAH extraction was based on EPA 3540C method. To approximately 1 g of dried and homogenized sediment 100 ng of p-terphenyl-d 14 was added as surrogate standard to monitor the effectiveness of the analytical process. After 24 h of Soxhlet extraction in a 1:1 mixture of dichloromethane-acetone (Suprasolv, Merck), extract volume was reduced in a rotary evaporator prior to solvent exchange to hexane.
Clean up proceeded in a glass column (1.3 i.d. and 30 cm height) packed in the top with colloidal copper for sulfur removal, followed by 2 g of anhydrous Na 2 SO 4 , alumina (1 g, 2% water deactivated) and silica gel (11 g, 230-400 mesh, activated at 160 o C). The aliphatic fraction was eluted with 50 mL hexane followed by PAH elution with 50 mL of a 1:1 hexane-dichloromethane mixture followed by rotary evaporation of the extracts.
The extracts were quantitatively transferred to 1 mL volumetric flasks and volumes were completed with hexane. PAH determinations were performed in a GC/MS (Finnigan Trace gas chromatograph coupled to a Finnigan Quantification of the alkylated PAH was based on the calibration curve of the 1,7-and 2,6-dimethylphenanthrenes for which standards were available.
The analytical control of the process included checking the concentration of PAH contained in standards solutions prepared with different analyte concentrations (5, 10, 20, 50, 100, 200, 400 and 1000 ng mL -1 ). Linear correlation coefficients > 0.990 were obtained for the calibration curves in all cases. In addition, for each group of 10 analyzed samples a standard solution of the above compounds was injected to check instrumental calibration conditions. The detection limit ranged of 0.14 to 0.64 ng g -1 and the quantification limit obtained was < 2.00 ng g -1 . The accuracy was tested through successful analysis of SRM-NIST 1944.
Statistical Evaluation
Statistical evaluation included Spearman correlation test and Mann-Whitney U test using the software Statistica 9.0.
Results and Discussion
The entire data set is shown in Tables 1-3 .
TOC and TN geochronology
The average concentration is of 3.5 ± 0.58% with a maximum of 4.6% in the upper layer and a minimum of 2.5 % at 43 cm depth. The organic carbon content in the upper layer was within the range of 4.02% < TOC < 5.28% reported by Ribeiro et al. 10 for surface sediments in the bay. In the time interval of 118 years registered in the core, TOC shows an increasing trend from past to present (r = 0.773; p << 0.05; slope = 0.012% year -1 ). This may principally derive from: (1) the increasing input of organic material due to sewage discharge and fertilization of the system following the large population growth. While in the period of 80 years, from 1890 to 1960, the population in the region of Rio de Janeiro increased from 5.2 × 10 5 to 3.2 × 10 6 inhabitants, 27 in the subsequent 45 years the population almost triples, reaching 10 × 10 6 inhabitants. The population density within the limits of the Guanabara watershed increased even more notably in the latter period (population estimates are of 8 × 10 6 inhabitants). The absence of effective sewage treatment systems led to (1) a profound eutrophication of the bay; (2) increase over time of overall sedimentation of solids; and (3) natural decay of organic matter. The depth profiles for TOC concentration and for TOC-mass accumulation rate (TOC MAR) are given in Figure 2 and show that, in general, TOC co-varies with TOC MAR up to 1990 and thereafter increases while the MAR decreases. The co-variation of TOC and TOC MAR reveals that prior to 1990 TOC depends principally on the sedimentation rate while in the last two decades TOC increases despite the decreasing trend in sedimentation rates. As the average variation in TOC concentration is of only 16%, degradation in the typically anoxic sediments seems to be limited. Wagener 28 observed that organic matter oxidation by nitrate and sulfate reduction is restricted to the upper 7 cm of these sediments. Therefore, the increasing trend in TOC concentration in the last 20 years can be ascribed, in great part, to a net increase in apportioning of organic carbon to the sediments. Similar trends are also found for total nitrogen. Since the regression line that correlates TOC and TN (r = 0.91; n = 30, p = 0.0000) crosses the TOC axis at a positive value in TN = 0, the presence of ammonium may be considered not significant; in such case TN is approximately equal to the organic nitrogen content.
The average molar C/N ratio (see Table 1 ) of 10.97 ± 0.96 indicates mixture of marine and land-derived organic matter. For instance, simple mass balance considering two end-members with C/N values of 7 and 0, respectively, for autochthonous and allochthonous material, 29 revealed a range between 30-40% for the fraction of terrestrially-derived material in the sediment. In addition, some of the observed C/N maxima (e.g., 12.5, 12.7 and 13.5) coincide with historical records of massive rain fall, 27 which resulted in extraordinary soil erosion and increased inputs from land.
BC geochronology
BC determined by the combustion method comprises mainly soot particles and may principally stand for emissions from liquid fossil fuel combustion in mobile and stationary sources. Although the automotive fleet grew exponentially since mid-1960s as reported by the Brazilian Automotive Industry Association, 30 BC showed no statistically significant (p < 0.05) changes in average concentration found between the time period prior to 1958 (0.34% ± 0.095%) and for the period 1960-2005 (0.37% ± 0.071%). According to the cited source, the number of newly licensed vehicles in 1970 in Brazil was of 2 × 10 6 increasing to more than 50 × 10 6 by 2005. The increasing rate for the country is reflected in the greater Rio de Janeiro area (includes the city of Rio and other 14 municipalities). Presently, in the city of Rio de Janeiro there are about 2 × 10 6 licensed vehicles. The lack of an anticipated increase in BC accumulation in the sediments may be due to a combination of factors: wider atmospheric dispersion of soot particles (< 1 µm) produced by fuel combustion, which may settle distant from the emission area;
5,31 efficiency of tidal currents in the Guanabara Bay 32 which can drive these particles to the outer areas before they undergo aggregation and transport to sediments in the bay, and the increasing ethanol use since 1979 as fuel in mixtures of up to 25% in gasoline. It has been reported 33 that the mixture of ethanol-gasoline in the ratio 20/80 reduces by up to 50% de emissions of soot.
Although the factors cited above might have influenced the sedimentary BC record, the trends in BC appear divisible into three periods where a slight increasing trend (r ≥ 0.637; p < 0.05) is registered: 1880-1955 with an increasing rate of 0.003% year -1 , 1958-1978 with an increasing rate of 0.01% year In contrast to BC, the BC MAR data (Figure 3) , shows lesser scattering and a statistically significant increasing trend of 0.012 mg cm -2 year -2 (r = 0,577; p << 0.05) can be observed along the 118 year period covered by the core. This is equivalent to about 70% increment, on the average, increment in the BC mass accumulation rate during the period.
There is lack of significant correlation between BC and TOC concentrations. This is expected since TOC is principally comprised of amorphous organic carbon deriving from processes unrelated to combustion. Such feature has been observed in other coastal sediments. 7 The fraction of BC to TOC ranged from 6.3% to 18.5% (Table 1) . Despite the large scatter in the data set, a trend of increasing values was observed up to the late 1960s, indicating a higher accumulation of BC in Guanabara Bay sediments over this period. For more recently deposited sediments, however, an opposite trend was observed, i.e., the contribution of BC to the pool of organic carbon decreased. This suggests that the significant increase in the autochthonous carbon storage in sediments of Guanabara Bay, observed in the last decades following sewage addition and eutrophication, 20 was more significant than any increase in BC associated with urban development and fuel combustion.
The levels of BC/TOC reported here are similar to those given in Luz et al. 34 (2.3% to 12.8% in surface sediments of Guanabara Bay), in Accardi-Dey and Gschwend 35 (6-22% in the Boston Harbor) and in Rockne et al. 36 (12-13% in sediments from New York and New Jersey Harbors).
BC determinations by SEM/EDX and NMR
In the present work 9 segments of the core (segments: 37 A limitation is that this technique allows analysis only of a small fraction of the particles under observation. 38 All observed segments showed the presence of large quantities of amorphous organic matter derived from intense microbiological activity. Remains of centric diatoms were very abundant (see Figure S1 in Supplementary Information) as expected, since these algae are profusely present in nutrient rich environments. Some crystalline structures were also observed in the sample. Only in the segment 15 (deposited around 1992) BC was unequivocally detected as can be verified in Figure 4 . The size and morphology of the particles coincide with those described for BC by Glaser et al., 39 Song et al. 40 and Brodowski et al.. 38 The elevated content of carbon and oxygen as well as the incidence of chlorine and sulfur detected by EDX confirms the presence of BC particles. Such composition has been ascribed to BC particles possibly (see Figure 4 and 5) originated from biomass combustion. 41 In the present case, the spherical structure, however, suggests BC originated from fossil fuel combustion. This uncertainty as to the origin may be an artifact derived from aging and processing of soot particles in the atmosphere, which can change the original composition thereby decreasing the initial carbon content and incorporating other elements. 42 The analysis also shows in this sample the presence of calcium carbonates and aluminum oxides ( Figure 5 ).
The sedimentation of BC particles of about 1 µm in size must involve aggregation with other materials present in the water column, however the observed BC particles appear isolated in the SEM even though this may result from degradation of the labile components of the original aggregates once in the sedimentary environment. The detection of BC particles in other segments was not effective due to interferences of major components of the matrix, since samples were examined without prior treatments to eliminate carbonates, oxides and amorphous organic material. The CP/MAS 13 C NMR analysis has been successfully used as a non-destructive technique in studies of organic matter in soils and sediments. 43 The pretreatments so far applied to remove silica oxides, paramagnetic elements and lignin were necessary to obtain a reliable response in the NMR analysis. 24, 26, 44 The 13 C NMR spectrum is divided into the following regions: 0-50 ppm corresponding to alkylated carbons; 50-100 ppm to oxygenated aliphatic carbons; 110-160 ppm to aromatic carbon; 150-190 ppm to phenols and carboxyl; and 190-220 ppm to carbonyl groups. 26, 45, 46 In all samples, before chemical oxidation, a significant content of aliphatics and polysaccharide rings (in the region of 73 ppm) were observed. According to Lu et al. 45 these polysaccharide rings are related to the presence of cellulose although the occurrence of fibrous structure was not clear from the SEM of the examined sediments. In the present case, algae and bacteria polysaccharides are the most probable source of the signal in the region of 73 ppm.
After oxidation with hypochlorite and acetic acid, the entire aromatic component in the region between 110 and 140 ppm can be considered as BC in the forms of charcoal, soot and other reduced carbon. 26 In Figure 6 a decrease in signal in the aromatic region can be observed in different intensities for several segments after chemical oxidation, confirming the need for this treatment to avoid overestimating BC in NMR analysis. BC contents obtained by using different analytical techniques cannot be compared, still the NMR determination proved the presence of recalcitrant aromatic carbon in all but two of the tested samples. The relative content of quaternary and unsubstituted carbons in the region of aromatic compounds of the NMR spectrum was determined by 13 C CP/MAS-NQS after chemical oxidation. Table 2 shows the results for these fractions of the aromatic carbon for each analyzed sediment segment. For the segments 59 and 71 it was not possible to obtain the relative content because of the extremely low carbon content after chemical oxidation. In segment 3 both the refractory and the less condensate BC species were present in equal proportions. In the other samples unsubstituted carbons predominated over the quaternary carbons suggesting biomass combustion as a major BC source.
It is possible to infer from the development of the anthropogenic activities in the Guanabara basin that samples from 1880 to mid-1950s should contain material principally derived from biomass combustion. Agricultural activities in Brazil were historically based on the preparation of the land using the slash-and-burning approach or by clearing the fields by burning grass and shrubs. However, the combustion matrix changed over the examined period; biomass combustion decreased from the past to present time followed by an intense increase in fossil fuel combustion, especially after the 1970s. As discussed under item BC Geochronology, the efficient atmospheric transport of soot particles formed in liquid fossil fuel combustion, may be one factor explaining the discrepancy between BC sedimentary records and historical developments. Table 3 displays the results for the HMW PAH. In Figure 7 the sum of the 5-6 rings PAH shows an increasing trend from 1880 to 1960s followed by a decrease with time to the present. The PAH MAR display similar general features. In recent years the most notable increase in PAH is observed around 2001. This increase may be associated with a MF380 oil spill that affected the northwestern area of the bay in 2000. This oil is enriched in heavy PAH 14 and may have contributed to the higher concentrations in segment 5.
PAH geochronology
The increasing trend in pyrolytic PAH between 1880 and the 1960s is coherent with the subsequent deforestation, urbanization, and industrialization that occurred in the Guanabara basin in the period. However, similar to the observed BC trends, the more pronounced developments after the 1960s are not apparent in the sediments. For instance, the impacts derived from the intensification of vehicular and ship traffic in the Guanabara basin during the period between 1980-2006 due to fast population growth are not evident.
The variations in sediment accumulation rates (SAR) seem to influence PAH record in different ways, for instance, the decrease by a factor of 2.5 in the SAR (see Table 1 ) from 1990 to 2006 is first accompanied by an increase in PAH concentration from 1990 to 1996 and thereafter, except 2001 (just after the oil spill), PAH concentrations tend to vary with the SAR decreasing to values below those found circa 1880. This later trend suggests that a significant fraction of these PAH found their way into the bay through runoff as will be discussed further later. In certain periods (i.e., from 1990 to 1996) an increase in SAR leads to a decrease in concentration indicating, for instance, an attenuation of the PAH inputs. In the period 1915-1939 (except 1917), SAR was rather constant although a steady increase is observed in PAH concentration due to increasing apportioning from runoff or atmospheric deposition. A substantive increase in PAH is registered in the period from 1920s to the early 1960s (Table 3; Figure 7 ). Such result could lead to the assumption that combustion processes in the Guanabara basin were more important in the cited period, decreasing in recent times. However, this indication may in part derive from the combined effect of the decrease in biomass combustion occurring parallel to the growth in fossil fuel combustion from past to present. Submicron soot particles preferably emitted during fossil fuel combustion and loaded with PAH tend to disperse over larger distances, therefore resulting in reduced atmospheric PAH flux to sediments in areas near the emission sources. To test this hypothesis the ratio of BaPy/BePy was used as indicator of the proximity of combustion sources 47 to the final destination of settling particles, since BaPy undergoes fast photo degradation compared to BePy and both compounds are rather stable once in the anoxic sediment environment. In all examined samples this ratio was very close to unity (1.19 ± 0.18; Table 3 ), therefore there is no indication through this tool, using the entire data set, of a change in source distance for the settled material. 48 and therefore they are likely to cause toxicity to exposed organisms.
The only exception in recent times is the sediment from 2006 that shows 50 µg kg -1 although reduction in PAH concentration is remarkable since 1960s. In more recent years the decline in BaPy and other combustion related PAH may also be ascribed to changes in the legislation targeting reduction of emissions from light vehicles and enforced in three steps including: in 1988 modernization of motors, in 1992 use of oxidation catalysts, and in 1997 use of three way catalysts (TWC). Likewise, the environmental legislation targeting reduction of industrial emissions made progress, which contributed to lower PAH concentrations after the 1990s. The economic decline following the oil crisis in 1976 endured until the beginning of the 1990s and may be considered an additional factor influencing the observed PAH trends during this period. The consequences of the transition from biomass combustion to fossil fuel combustion as a major PAH source, as discussed above, has to be taken into account.
As expected from the 15% variation in BaPy/BePy ratio found for the entire data set, BaPy is significantly correlated to BePy (y = 15.7 + 1.31x; r = 0.975, p << 0.01). BbFl is also correlated to BkFl (y = 4.53 + 2.59x; r = 0.904, p << 0.01). Such highly significant correlations are strong indication that these compounds derive principally from the same source as suggested by Dickhut et al. 49 who found significant correlations between PAH isomer pairs in sediments from Chesapeake Bay. In the present work, all HMW PAH are highly correlated and possibly derive primarily from combustion sources.
A variety of diagnostic ratios have been widely used to estimate the origin of PAH present in environmental samples. Some of those are used to distinguish contributions from different pyrolytic sources, as for instance: IPy/(IPy+BghiPe), 1,7DMPh/(2,6+1,7)DMPh and BFl/ (BFl+BePy). 3, 49, 50 The IP/IP+BghiPe (Table 3) 2,6DMPh) . Vol. 24, No. 11, 2013 biomass combustion as the PAH source. The threshold of 0.7 proposed by Yunker et. al. 3 was used here as a sharp boundary; however, some changes due to differential degradation and other factors cannot be ruled out.
The assumption that the threshold of 0.7 holds leads to conclusions coherent with the historical developments. In the first two groups (fossil fuel and borderline) are all samples from the period between 1961 and 2006, except for sample 31 (1984) and in the last group are all samples from before the 1960s. Note also that the difference of the ratio value from 0.7 increases with the age of the sediment layer. Therefore the ratio BFl/(BFl+BePy) seems to produce reliable source diagnosis for PAH emitted from combustion processes to the studied sediments. The 1,7DMP/(1,7+2,6) DMPh ratio, however, was not effective in separating samples. According to this ratio most samples contain PAH from biomass combustion with few in which PAH derive from mixed sources (segments 29, 41, 49, 61, 65) and in segment 5 (sample possibly contaminated by residues of MF380 oil) from fuel combustion.
The difficulty in source assignment using the diagnostic ratios results from differential degradation of the compounds but also from differential settling of particles which is size dependent. 31 Perylene must be evaluated carefully since it may be formed due to diagenesis of organic matter but can also be generated from incomplete combustion processes. The ratio of perylene to the sum of the pentacyclic PAH (i.e., benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a) pyrene, benzo(e)pyrene and perylene) when smaller than 10% suggests a pyrolytic origin for the compound. 51 The average value of 5.67% ± 1.39% for the entire core, the lack of a clear Pe concentration trend over time, and the statistically significant correlation of perylene with all the other HMW PAH (0.65 < r < 0.88; p < 0.05) are robust evidence of a combustion component for this compound.
Conclusions
Although BC is qualitatively a reliable marker of combustion processes the search for quantitative information on changes over time is not trivial. All methods so far available for BC determination have limitations. The combustion method determines soot BC and does not provide information on the major fraction of BC formed during biomass combustion. Being able to quantify this source is of key importance in reconstructing combustion impact in regions where fire is used to clear forested land, harvesting or to prepare the land for new plantations. The SEM is an expensive technique that requires elimination of matrix components using either thermal or chemical oxidation of amorphous organic carbon and chemical elimination of other interfering solids. The NMR is an adequate technique to determine the full spectrum of BC; however it also requires extensive treatment of samples. In both cases, where extensive treatment and sample manipulation is required there are serious risks of losses. In the present high-resolution study of a dated sediment core, the availability of sample is limited and working with smaller masses aggravates the problems of detection. The effectiveness of the NMR determinations was principally affected by the reduced sample mass and the consequently longer measurement times needed. Nevertheless the presence of aromatic carbon associated to BC was detected and varied in the range of 8-16%.
The examined sediments show relatively high TOC content and in the SEM the predominance of diatoms relics is a historical proof of the long lasting anthropogenic fertilization of the bay. The contribution of BC to TOC varied from 6 to 18% and is a significant fraction of the organic carbon pool. A decrease in this contribution is evident in the last 30 years due to increasing eutrophication of the system coupled to reduction of BC emissions due to the ethanol use and modernization of the automotive fleet.
The multiple approaches so far used to evaluate the origin of combustion residues and the change with time of inputs to the Guanabara Bay provided data, which can be understood on the basis of the historical developments in the region. The main factors influencing quantitative PAH and BC records in the sediment were the change with time of predominance of biomass combustion to fossil fuel combustion, the economic decline during the oil crises in the 1970s and the introduction of ethanol in the energy matrix. Qualitatively, the BFl/(BFl+BePy) was the most effective ratio in characterizing the change over time of the combustion sources.
